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1.  INTRODUCTION  j 

1.1  Project  History 

The  work  described  in  this  report  was  undertaken  under  NRL 
contract  number  N00014-87-C-2085  and^^as  carried  out  between 
14th  April  1987  and  3rd  August  1987 .  The  work  represents 
phase  one,  a  conceptual  design  phase,  of  a  four  phase 
programme  and  is  based  on  the  STC  response  jLRef_»Z-lr)-  to  an 
NRL  request  for  proposal  Ref7'  2).  ^ 

The  RFP  sought  the  development  of  fibre  optic  sensor  systems 
for  damage  control,  system  control  or  intrusion  defence. 
STC's  proposal  addressed  the  development  of  frequency-out, 
microengineered  fibre  optic  sensors  for  pressure, 
temperature  and  status  monitoring  emd  a  fibre  optic  sensor, 
based  on  light  scattering  principles,  for  smoke  detection. 
These  sensors,  and  their  associated  signal  processing, 
telemetry  and  display,  formed  the  main  elements  of  a  system 
proposed  for  use  in  damage  control. 

The  emphasis  of  the  work  under  this  programme  has  shifted 
somewhat  from  that  originally  proposed  in  order  to  reflect 
NRL's  request  for  STC  to  focus  on  sensor  capability,  to 
limit  effort  on  conventional  system  studies  and  to  give  a 
minimal  treatment  to  aspects  such  as  the  use  of  MIL 
qualified  components  and  the  design  of  the  telemetry  and 
display  parts  of  the  system.  The  work  has  therefore  tended 
to  be  application  independent  and  is  of  relevance  to  other 
sensing  applications  in  addition  to  those  associated  with 
damage  control. 


As  was  indicated 
a  significant  background  capability  in  fibre  optic  sensors 
and,  in  particular,  in  microengineered  silicon  sensors. 

This  private  venture  (p/v)  funded  work  has  continued  since 
our  proposal  was  made.  The  work  has  provided  a  useful  basis 
for  the  present  study  and,  in  particular,  the  design  of 
silicon  paddle  structures  and  their  use  in  basic 
experimental  sensors  has  been  investigated.  The  results 
obtained  have  provided  useful  quantitative  information  which 
has  been  invaluable  to  the  study  made  under  this  contract. 
Seme  of  the  results  arising  from  p/v  funded  work  have 
therefore  been  included  in  this  report. 

1.2  Conventional  Sensors 


— . . 

in  our  original  proposal,  STC  has  developed 


Work  on  an  examination  of  the  limitations  and  operating 
problems  associated  with  existing,  conventional  sensors  used 
by  the  United  States  Navy  (USN)  has  been  limited  at  NRL's 
request.  This  was  because  NRL  have  conducted  their  own 
survey  of  these  sensors  and  saw  little  need  for  further  work 
in  this  area,  particularly  in  view  of  our  ability  to  produce 
a  comprehensive  survey  within  the  limited  context  of  this 
study.  However,  the  NRL  conclusions,  as  conveyed  to  us 
during  the  work,  have  been  included  here  for  completeness 
(Ref.  3). 
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NRL's  work  showed  that  there  was  no  existing  survey  of  the 
different  sensors  used  on  USN  platforms.  This  situation  has 
arisen  because  the  number  of  sensor  types,  and  the  range  of 
applications  for  which  they  are  used,  are  so  extensive  that 
the  preparation  of  a  comprehensive,  meaningful  survey  is 
difficult,  if  not  impossible,  to  achieve.  However,  certain 
common  problems  and  issues  were  identified. 

Electromagnetic  interference  (EMI)  is  a  general  problem 
giving  rise  to  degradation  of  the  signal  received  from  the 
sensor.  This  area  is  one  vdiere  the  introduction  of  fibre 
optic  systems  offers  significant  benefit.  This  advantage  is 
generally  recognised,  together  with  other  benefits  of  fibre 
optic  systems,  such  as  reduced  cable  weight  and  associated 
cost  savings. 


Sensor  maintenance  can  be  a  problem,  particularly  for 
certain  sensor  types,  e.g.  level  sensors.  Specifically, 
float-type  level  sensors  have  been  found  to  have  a  tendency 
for  the  float  to  stick  and  consequently  for  the  sensor 
output  to  be  false.  Furthermore,  these  sensors  can  be 
difficult  to  remove  for  repair  or  replacement.  The 
maintenance  problem  is  essentially  one  of  scale  and  of 
personnel  requirements.  A  platform  having  a  large  number  of 
sensors  with  a  significant  maintenance  requirement 
necessitates  the  presence  of  dedicated,  specialist  personnel 
to  carry  out  that  function.  There  is  an  increasing  need  to 
minimise  the  numbers  of  such  personnel  required.  A  low 
maintenance  requirement  and,  where  necessary,  maintenance 
which  can  be  easily  achieved  are  therefore  key 
considerations  in  the  development  of  any  new  sensor  type. 


A  low  occurrence  of  false  alarms  is  also  essential.  A 
system  vAiich  is  unreliable  in  this  way  will  tend  to  be 
ignored,  or  by-passed,  by  the  users  and  will  rapidly  become 
of  limited  value.  A  system  vihich  can  display  faults  and 
which  can  give  a  continuous  read-out  from  its  sensors,  with 
alarm  levels  which  can  be  programmed  separately,  is 
therefore  to  be  preferred. 


Smoke  sensors  are  a  particular  sensor  type  where  there  is  no 
satisfactory  device  currently  available  for  use.  Ionisation 
type  smoke  detectors  have  been  removed  from  all  USN 
platforms  because  of  sensor  unreliability  and  also  because 
of  concern  about  circumstances  in  which  a  large  number  of 
devices,  each  containing  a  small  amount  of  radioactive 
material,  are  stored  in  close  proximity.  The  development  of 
a  viable,  new  smoke  detector  is  therefore  of  importance. 


Greater  than  eighty  per  cent  of  the  user  requirement  is 
represented  by  a  limited  range  of  sensors,  viz.  pressure, 
temperature,  differential  pressure  and  linear  displacement 
sensors.  There  is  therefore  an  understandable  desire  to 
emphasise  the  development  of  devices  foi  making  these 
measurements.  In  this  context,  the  microeng ineered  silicon 
sensors  described  in  this  report  form  a  useful  common  basis 
from  vihich  transducers  for  different  applications  may  be 
developed . 
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1 ■ 3  Damage  Control 

1.3.1  Introduction 


Whilst  the  main  thrust  of  the  work  reported  here  has 
been  directed  at  the  conceptual  design  of  fibre  optic 
sensors,  it  is  appropriate  to  review  briefly  some 
aspects  of  the  use  of  such  sensor  systems  in  damage 
control  in  a  marine  environment.  The  importance  of  the 
systems,  and  the  context  in  which  they  may  be  used, 
will  thereby  be  identified. 

The  extent  of  fire  losses  in  the  USN  has  been  referred 
to  iii  an  NRL  study  which  gives  an  einlysis  of  the 
requirements  for  a  consolidated  damage  control  system 
(Ref.  4).  Over  a  thirteen  year  period  (1970-1982) 
there  were  10,000  fires  reported  on  ships  and  these 
resulted  in  a  significant  loss  of  life  and  cost.  Over 
thirty  of  these  fires  cost  over  $100K  each  and  a  few 
cost  over  ten  million  dollars  each.  It  should  be  noted 
that  none  of  these  losses  arose  as  a  result  of  enemy 
action . 

The  importance  of  damage  control  provisions  was  given 
added  impetus  in  the  Royal  Navy  (RN)  as  a  result  of  th 
Falklands  war.  Some  of  the  lessons  learned  as  a  resul 
of  that  conflict  have  been  identified  in  a  series  of 
papers  presented  at  a  1985  conference  on  Ship  Fires 
(Ref.  5,  6  and  7).  The  incidence  of  fires  on  naval 
vessels  in  peace  time,  and  also  as  a  result  of  modern 
missile  attack,  is  reviewed  and  the  command  and 
organisation  structure  and  the  nature  of  existing 
systems  for  damage  control  are  described. 

1.3.2  The  nature  of  the  risks 

Existing  methods  of  damage  control  have  been  noted  as 
being  inadequate  in  a  number  of  respects  and  the 
following  points  summarise  some  of  the  problems 
encountered : 

(i)  In  the  Falklands  conflict,  the  detection, 
assessment  and  containment  of  fire  proved 
difficult  to  achieve  reliably  and  effectively 
(Ref.  7). 

(ii)  In  the  absence  of  an  adequate  automatic 
detection  system,  there  can  be  a  considerable 
time  lapse  before  the  ships  Damage  Control 
Headquarters  obtain  cm  adequate  picture  of  the 
damage.  The  lack  of  appropriate  and  reliable 
information  on  the  ship  and  its  installed 
systems  (eg.  the  nature  of  flooding,  status  of 
compartments,  availability  of  firemain)  hampers 
the  assessment  and  containment  of  damage  (Ref. 
7). 
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(iii)  An  up-to-date  and  effective  alternative  Damage 
Control  Headquarters  has  to  be  maintained. 

Damage  control  activities  have  been  delayed  when 
this  has  not  occurred  and  when  the  main 
headquarters  has  had  to  be  evacuated  (Ref.  7). 

(iv)  The  arrangement  and  display  of  information, 
together  with  manual  up-dating,  does  not  provide 
easy  assessment  of  damage  effects.  In  the 
absence  of  decision  making  aids,  the  assessment 
is  dependent  on  the  Damage  Control  Officer's 
expertise  and  on  his  ability  to  analyse 
information  displayed  and  to  consider 
information  transmitted  from  the  incidents  (Ref. 
7)  . 

(v)  In  the  case  of  the  loss  of  the  RN  frigate  HMS 
Sheffield,  missile  attack  led  to  the  loss  of 
fire-fighting  water  together  with  the  rapid 
spread  of  black  smoke.  The  presence  of  smoke 
then  prevented  reconfiguration  of  the  firemain 
(Ref.  5). 

(vi)  Ventilation  systems  enable  smoke  and  fire  to 
spread  through  ships  (Ref.  5). 

(vii)  Automatic  extinguishing  systems  are  not  always 
actuated  effectively  (Ref.  5). 

(viii)  Fire  is  a  more  likely  consequence  of  modern 

warfare  than  was  the  case  in  earlier  conflicts 
(Ref.  5). 

( ix )  Peacetime  fires  are  more  likely  to  occur  in 
machinery  spaces  because  of  the  presence  of 
fuel,  heat  and  heavy  electrical  machinery  (Ref. 
6).  Clearly,  in  large  vessels,  having  numerous 
unattended  areas,  the  potential  for  fire 
developing  in  other  spaces  is  much  greater  and 
constitutes  a  serious  risk. 

(x)  Missile  explosion  leads  to  a  high  temperature 
fire  ball.  Blast  and  fragments  can  damage 
fire-fighting  systems,  rupture  fuel  lines  and 
ignite  ammunition,  adding  to  the  severity  of  the 
fire.  The  ability  to  cut-off  air  supply  and 
limit  all  openings  in  bulkheads  is  of  critical 
importance  in  containing  fires.  Compressed  air 
systems  provide  air  to  a  fire  if  fractured  and 
must  be  isolated.  Breakage  of  fuel  and 
hydraulic  lines  can  also  increase  damage  (Ref. 

6)  . 


(xi)  Fire  and  damage  arising  from  missile  attack 
represents  one  type  of  risk.  Damage  from  other 
weapon  types  must  also  be  considered  and  this 
can  lead  to  structural  failure  with  resultant 
flooding  or  fire  or  both.  The  extent  to  which 
the  structure  can  be  protected  from  the  effects 
of  modern  weapons  is  limited.  However,  the  ship 
design  can  be  such  that  damage  to  the  ship 
systems  is  controlled  (Ref.  8). 

(xii)  Damage  control  for  fire  eind  flooding  is  only  one 
aspect  of  ship  survivability.  It  must  be 
considered  in  the  wider  context  of  nuclear  - 
biological  -  chemical  risks  (Ref.  9  and  10). 

1.3.3.  Damage  Control  Improvements 

A  number  of  measures  are  being  proposed  and  instituted 
to  counter  the  risks  highlighted  above.  These  measures 
fall  in  the  general  areas  of  ship  design,  equipment, 
surveillance,  organisation  and  training.  In  the  case  of 
the  Royal  Navy,  the  Type  23  frigate  design  has  been 
modified  to  provide  five,  self-contained  fire  zones 
(Ref.  6  and  11)  and  current  RN  thinking  on 
improvements  to  fire  fighting  equipment  and  its  use  is 
given  in  a  number  of  papers  (Ref.  5,  12  and  13). 

The  need  for  an  integrated  approach  to  damage 
surveillance  and  control  is  being  recognised  (Ref.  4 
and  7).  The  development  of  sensors  which  are 
particularly  suitable  for  use  in  such  integrated 
systems  will  assist  their  development  and  eventual 
implementation.  The  work  reported  here  can  form  part 
of  such  a  development  because  the  sensors  which  are 
envisaged  will  produce  a  digital  output  which  would  be 
compatible  with  advanced  signal  processing  techniques. 

1.4  Fibre  Optic  Sensor  Systeas 
1.4.1  Introduction 


A  number  of  comprehensive  reviews  are  available 
summarising  the  different  approaches  which  may  be 
adopted  in  the  development  of  fibre  optic  sensors.  A 
survey  of  these  different  techniques  has  not  therefore 
been  included  in  this  report. 

A  review  by  NRL  authors  (Ref.  14)  describes  the 
development  of  fibre  optic  sensors  for  acoustic, 
magnetic  and  gyro  applications  in  particular,  together 
with  the  range  of  possible  sensing  techniques  which 
have  been  examined  for  other  applications. 

A  later  review  (Ref.  15)  gives  an  assessment  of  the 
different  techniques,  with  the  emphasis  on  the  problems 
associated  with  their  practical  implementation,  and 
also  gives  a  useful  bibliography  of  other  reviews, 
market  surveys  and  conference  proceedings. 
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1.4.2.  STC  Fibre  Optic  Sensor  Systems 


The  sensor  system  vhich  has  resulted  from  the 
conceptual  design  activity  associated  with  this 
contract  phase  is  summarised  schematically  in  Fig.  1. 
The  system  is  based  on  two  different  types  of  fibre 
optic  sensor.  The  first  type,  for  temperature,  pressure 
and  status  indication,  is  based  on  frequency-out 
microengineered  silicon  devices.  The  second  type,  for 
smoke  detection,  is  based  on  a  scatter  cell.  A  sensor 
interface  device  (SENSID)  is  used  for  providing  the 
optical  input  to  the  sensors  and  for  processing  their 
output.  The  sensor  information  is  transmitted  via  a 
RS232  optical  link  to  a  systems  interface  device 
( SYSTID) . 

Techniques  for  the  anisotropic  etching  of  single 
crystal  silicon  to  yield  complex  three-dimensional 
structures  have  been  developed  by  STC  at  STL,  Harlow, 
and  by  others,  over  a  number  of  years  (Ref.  16,  17  and 
18) .  The  use  of  these  structures  in  transducers  has 
been  proposed  by  a  number  of  workers  (Ref.  19,  20,  21 
and  22) . 

The  silicon  sensor  at  the  heart  of  this  work  is  based 
on  a  miniature  mechanical  resonator  whose  resonant 
freqiiency  can  be  modified  by  the  application  of  an 
externally  induced  strain.  This  enables  a  common 
sensor  element,  and  the  same  type  of  optical  inputs, 
outputs  and  signal  processing,  to  be  used  in  the 
construction  of  different  transducer  types.  The 
individual  transducer  design  for  a  required  application 
is  then  achieved  by  the  incorporation  of  an  appropriate 
transduction  mechanism. 

Section  2  of  this  report  provides  a  detailed  analysis 
of  the  factors  affecting  the  design  of  the  common 
optical  module  and  of  the  transduction  mechanisms. 
Possible  schemes  for  multiplexing  sensors  are  also 
considered  there.  Different  possible  options  for  the 
signal  processing  of  the  sensor  output  are  then 
analysed  in  Section  3. 

STC  has  developed  an  operational  system  for  monitoring 
the  presence  of  low  levels  of  oil  pollution  in  the 
ballast  and  bilge  water  discharged  by  tanker  and  cargo 
ships  (Ref.  23  and  24).  The  system  works  by  light 
scattering  techniques  and  has  been  fitted  to  a  large 
number  of  vessels.  This,  emd  other  related  experience, 
has  provided  useful  background  information  for 
considering  the  design  of  a  smoke  detection  system 
based  on  similar  operating  principles.  Section  4  of 
this  report  considers  such  a  system  and  includes  an 
analysis  of  smoke  characteristics,  the  scattering  of 
light  by  particles  and  the  resultant  requirements  for 
the  scatter  cell  design. 
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Section  5  of  this  report  gives  a  brief  discussion  of 
the  telemetry  and  display  aspects  fo  the  system, 
consistent  with  the  emphasis  of  work  required  under 
this  programme. 

It  is  appropriate  here  to  review  the  system  choices  for 
fibre  type  and  operating  wavelength.  A  wavelength  of 
850mm  has  been  selected  for  the  system  because  of  the 
availability  of  inexpensive  silicon  detectors,  based  on 
proven  technology,  and  also  because  high  powered  laser 
diodes  operating  at  this  wavelength  are  readily 
obtainable.  The  lengths  of  interconnecting  cables  are 
relatively  short  and  so  the  optical  attenuation  of  the 
fibre  at  this  wavelength  is  unlikely  to  be  a  major 
factor.  Standard  50/125  um  multimode  fibre  is 
envisaged  as  being  used  in  the  system  because  of  its 
availability  and  its  suitability  for  use  in  expanded 
beam  terminations.  These  system  choices  are  not  rigid 
and  could  be  modified  if  necessary  given  the 
availability  of  suitable  components. 


2.  OPTICAL  SENSOR  DESIGN 


2.1  Introduction 


This  section  considers  the  design  of  pressure,  temperature 
and  status  sensors.  These  incorporate  a  common  optical 
module,  the  design  of  which  will  be  considered  first.  The 
design  of  the  different  transduction  mechanisms  required  is 
then  described  followed  by  an  analysis  of  the  sub-system 
power  budget  requirements  in  order  to  determine  the  optimum 
multiplexing  configuration. 

2.2  The  Connon  Optical  Module 

The  common  optical  module  is  shown  schematically  in  Fig.  2 
and  can  be  seen  to  consist  essentially  of  a  silicon 
oscillator  mounted  in  the  free  space  beam  between  two  graded 
index  lenses.  Insertion  loss  through  such  an  arrangement  is 
dependent  on  the  separation  of  the  lenses  (Ref.  25)  and 
consequently  this  distance  should  be  as  small  as  possible; 
for  our  design  this  will  probably  be  about  20  mm .  A  small 
(0.1mm)  samarium  cobalt  (SmCo)  magnet  is  fixed  to  the  back 
of  the  silicon  oscillator  so  as  to  allow  interaction  with 
the  electromagnetic  circuit  (Fig.  3)  which  is  also  contained 
in  the  module.  Infra-red  light  of  850nm  wavelength,  for 
which  high  power  semiconductor  lasers  are  available,  enters 
the  module  from  the  left  through  a  standard  telecoms  type 
50/125  urn  graded  index  multimode  optical  fibre  terminated  in 
a  Stratos  demountable  graded  index  (GRIN)  lens.  A  parallel 
beam  of  about  1  mm  diameter  is  formed,  part  of  which  is 
incident  on  the  silicon  paddle  where  it  is  reflected  onto  a 
silicon  PIN  photodiode. 

The  area  of  the  incident  beam  intercepted  depends  on  the 
multiplexing  configuration  selected  (see  section  2.4).  For 
a  parallel  arrangement  of  sensors  only  the  modulated  part  of 
the  beam  is  required  to  enter  the  output  GRIN  lens  so  almost 
100%  of  the  incident  beam  can  be  intercepted.  For  a  series 
arrangement  of  sensors  sufficient  light  must  get  past  the 
first  oscillator  to  drive  successive  oscillators.  In  this 
case,  only  about  10%  of  the  incident  light  would  be 
intercepted . 

The  resulting  current  produced  by  the  photodiode  induces  a 
magnetic  field  in  the  inductor.  This  field  is  conducted  by 
the  metallic  glass  strip,  located  around  the  silicon 
oscillator,  and  appears  across  the  gap  where  it  interacts 
with  the  field  of  the  small  SmCo  magnet  fixed  to  the  back  of 
the  silicon  paddle.  Metallic  glass  and  SmCo  have  been 
chosen  because  of  their  high  permeability  and  magnetic 
energy  density  respectively.  The  paddle  rotates,  deflecting 
the  light  beam  from  the  photodiode  and  stopping  the  current. 
As  there  is  no  magnetic  field  generated  in  this  position, 
the  torsion  in  the  supports  rotates  the  paddle  back  to  its 
original  position  and  the  process  starts  again. 

An  oscillation  of  the  paddle  thus  ensues  whose  angular 
frequency  (W)  can  be  shown  to  be  given  by:- 
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W  =  W*  [(1  +  Y/W*2jcR*)/(1  +  Y  L/J  R*)]^ 


(1) 


where  W*  is  the  natural  frequency  of  the  silicon  paddle  in 
this  torsional  mode,  Y  is  the  mechanical  damping 
coefficient,  J  is  the  mass  moment  of  inertia  and  L,  C  and  R* 
are  the  values  of  the  inductance,  capacitance  and  inductor 
resistance  respectively  in  the  electrical  circuit. 

Equation  1  is  derived  in  Appendix  A  and  the  derivation 
assumes  that  the  magnetic  coupling  between  the  electrical 
and  mechanical  oscillations  is  weak. 

The  part  of  the  light  beam  vAiich  is  not  intercepted  by  the 
silicon  paddle  is  collected  by  a  second  GRIN  lens  and  is  fed 
into  the  output  optical  fibre,  which  is  also  50/125  um 
graded  index  multimode.  The  proportion  of  the  light  beam 
passing  the  paddle  also  depends  on  the  angle  of  the  paddle 
to  the  beam  so  that,  as  the  paddle  oscillates,  the  output 
light  is  intensity  modulated  to  a  depth  determined  by 
oscillation  amplitude  and  with  the  frequency  of  the 
oscillation . 

The  amplitude  of  oscillation  depends  upon  the  amount  of 
light  reflected  by  the  silicon  paddle  onto  the  photodiode, 
the  efficiency  of  the  electrical  circuit,  and  the  magnetic 
coupling  between  circuit  and  paddle. 

The  optical  power  reflected  onto  the  photodiode  by  the 
paddle  in  its  rest  position  is  given  by: 

P  =  RI'A'cosu  . (2) 

Where  R  is  the  reflection  coefficient  of  the  paddle 
(averaged  over  all  polarisation),  I’  is  the  incident  light 
intensity  and  A'  is  the  illuminated  area  of  the  paddle  at 
angle  u  to  the  beam  (i.e.  at  its  rest  position).  Given  a 
conversion  efficiency  of  X  amps/watt  for  the  photodiode,  we 
thus  obtain  a  diode  current  (i)  of; 

i  =  XRI  'A'  cosu  . {  3  ) 

The  magnetic  field  (B)  between  the  poles  of  the  metallic 
glass  is  proportional  to  this  current  (i),  and  the  torque 
(t)  on  the  silicon  paddle  is  given  by; 

t  =  Bmsinv  . (4) 

Where  m  is  the  magnetic  moment  of  the  ahCo  magnet  fixed  to 
the  paddle  at  eingle  v  (typically  90°)  to  the  enveloping 
field  (B). 

This  torque,  produced  by  the  magnetic  circuit  acting  on  the 
small  permanent  magnet  attached  to  the  rear  face  of  the 
paddle,  causes  a  rotation  of  amplitude  C*  given  by  (see 
Appendix  A) 

C*  =  t'[j2([w*]2_w2)2  +  w2y2]-*5  . (5) 
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The  analysis  leading  to  Equation  5,  and  also  Equation  1, 
assumes  ideal  simple  harmonic  ocillator  behaviour  and  is 
only  true  for  small  values  of  C* .  For  larger  values  higher 
order  terms  become  significant  leading  to  hysteretic 
behaviour  which  manifests  itself  as  an  undesirable  optical 
power  dependence  of  the  resonant  frequency  (Equation  1). 
Experimentally,  we  find  that  amplitudes  of  less  than  about 
one  degree  do  not  exhibit  hysteresis.  Figures  4  and  5  show 
the  behaviour  which  is  observed  experimentally  for  both 
small  and  large  amplitudes  respectively. 

We  therefore  have  an  upper  limit  on  the  oscillation 
amplitude  and  can  work  back  to  determine  the  sizes  of  the 
modulated  signal  and  of  the  drive  power.  Detailed 
calculations  on  this  are  given  in  Appendix  B.  This  analysis 
leads  to  a  power  requirement  of  ImW  for  a  0.5*  oscillation 
amplitude.  It  is  hoped  to  reduce  this  power  requirement 
significantly  by  reducing  the  optical  module  size  and  by 
improving  the  reflectivity  of  the  oscillator. 

2.3  Transduction  methods 

The  silicon  torsional  oscillator  designed  for  this 
application  (Fig.  6)  is  a  force  sensor.  Force  applied  to 
deflect  the  oscillator  cantilever  results  in  a  tensile 
stress  S  along  the  supports  of  the  paddle.  This  stress  is 
related  to  the  natural  angular  frequency  W*(o)  of  the 
0501  1 lator  by : 

W*(S)  =  W*(0)[1  +  SJ*/KG]h  . (6) 

where  G  is  the  shear  modulus  and  K,  the  torsional  stiffness 
constant,  and  J* ,  the  polar  moment  of  inertia,  are  related 
to  the  dimensions  of  the  paddle  supports  (Ref.  26). 

Rearranging  Equation  6,  the  value  of  S  can  be  determined  for 
a  given  change  in  natural  frequency.  It  will  be  shown  later 
(see  Section  2.4)  that  a  full  scale  change  of  5%  in 
frequency  is  desirable.  The  variation  in  the  resonant 
frequency  of  the  silicon  sensor  with  the  force  applied  to 
the  cantilever  has  been  investigated  experimentally  and  a  5% 
change  in  frequency  has  been  demonstrated  (Fig.  7).  Using 
typical  values  for  J*,  K  and  G  (Appendix  C) ,  we  obtain  a 
value  of  14  Nm-2  for  S  for  a  5%  change  in  frequency. 

For  a  cantilever,  the  force  D  required  to  produce  a  stress  S 
in  the  surface  of  the  cantilever  under  tension  is  given  by 
(Ref  27  and  28)  - 

D  =  Sl/xz  . (7) 
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where  1  is  the  moment  of  inertia  of  the  cantilever  section, 

X  is  the  distance  from  the  point  of  application  of  the  force 
to  the  position  at  which  S  is  measured  (ie.  the  oscillator) 
and  z  is  the  distance  of  the  surface  under  tension  from  the 
neutral  axis  (i.e.  half  the  cantilever  thickness).  Again 
using  typical  values  (Appendix  C)  and  S  equal  to  14  MNm-2, 
we  obtain  a  value  of  D  for  a  5%  frequency  change  equal  to 
0.22N. 

For  the  measurement  of  temperature  a  bimetallic  strip  would 
be  caused  to  act  on  the  cantilever.  Supposing  that  a  full 
scale  range  of  100*C  is  required  then  the  force  produced  by 
the  bimetal  strip  must  be  approximately  equal  to  the  0.22N 
required  to  produce  5%  change  in  frequency.  The  force 
F'developed  by  a  restrained  bimetal  cantilever  subjected  to 
a  temperature  rise  T*  is  given  by  (Ref.  29). 

F'  =  a'b's2ET*/41 '  . (8) 

Where  a*  is  the  specific  thermal  deflection,  b'  is  the  strip 
width,  s  the  thickness,  E  its  modulus  of  elasticity  and  1’ 
its  length.  Typical  data  from  manufacturers  suggest  that  a' 
=  20.8  X  10-6  “C-1,  b*  =  1  mm,  s  =  0.25  mm,  E  =  1.35  x 
105  N  mm-2  and  1 '  =  20  mm.  Hence,  for  T*  =  100*C,  F'  = 
0.21  N. 

The  bimetallic  strip  may  be  arranged  in  the  optical  module 
to  act  directly  upon  the  silicon  cantilever  in  which  case 
precise  matching  of  the  forces  can  be  achieved  by  adjusting 
the  point  on  the  cantilever  to  which  the  force  is  applied. 
However,  unless  the  optical  module  is  very  small  the  thermal 
time  constant  of  the  sensor  will  be  large.  It  may  then  be 
preferable  to  have  the  bimetal  outside  the  optical  module 
and  apply  force  to  the  cantilever  indirectly  using  a  torsion 
tube  (Fig.  8).  A  torsion  tube  is  simply  a  thin  walled 
cylinder,  with  a  low  resistance  to  twisting,  with  a  rod  down 
its  centre  and  welded  to  the  cylinder  at  one  end.  Thus 
rotary  motion  can  be  transferred  into  a  sealed  box  via  the 
rod  without  using  sliding  seals.  The  thermal  time  constant 
is  determined  by  the  thermal  mass  of  the  bimetal  in  this 
case,  and  fine  adjustment  of  the  forces  can  be  achieved  by 
adjusting  the  lever  lengths  attached  to  the  ends  of  the  rod. 

The  force  required  to  deflect  a  torsion  tube  (Ref.  30)  of 
typical  dimensions  (inner  diameter  1.8mm,  outer  diameter 
2.0mm,  length  20mm)  made  of  brass  (shear  modulus  G  =  3.73  x 
104  Nmm-2)  is  considerably  larger  than  that  required  to 
deflect  the  silicon  cantilever  so  that  the  predominant  part 
of  the  design  involves  matching  the  force  generated  by  the 
bimetal  to  that  required  to  twist  the  torsion  tube.  If  the 
restrained  (i.e.  zero  deflection)  force  for  a  bimetal 
cantilever  is  F'  (Equation  8)  and  the  free  deflection  is  A, 
then  the  force  (F*)  generated  due  to  a  partially  restrained 
bimetal  is: 


F*  =  F*  (1  -  d/A)  . (9) 

where  d  is  the  allowed  deflection.  If  we  assume  that  d  = 

A/ 2  then  F*  =  F'/2,  or  using  Equation  8  - 
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F*  =  a'b’s2ET*/81 • 


(10) 


Such  a  deflection  d  applied  to  a  lever  of  length  g  would 
cause  a  rotation  of  angle  y  =  arcsin  (d/g).  For  our 
purposes,  this  is  likely  to  be  small  so  we  can  make  the 
approximation  y  =  d/g,  Given  that; 

A  =  a'T*(l')2/s  (11) 

and  that  the  torque  t  required  to  cause  a  twist  y  in  the 
tube  is: 

t  =  pi[c4-r4]Gy/21  (12) 

Where  1  is  the  tube  length  and  r  and  c  are  the  inner  and 
outer  tube  radii  respectively,  the  force  required  to  be 
applied  to  the  lever  of  length  g  to  produce  this  torque  is 
t/g  and  becomes: 

F"  =  (pi) (c4-r4)Ga'T*(l' )2/4slg2  (13) 

Where  substitutions  for  y  and  t  have  been  made  in  (12)  using 
(11).  As  F"  is  produced  by  the  bimetal  it  must  be  equal  to 
F*  so  that  setting  Equation  10  equal  to  Equation  13,  we 
obtain  a  relation  between  the  various  components  of  the 
system : 


b's3  =  2(pi ) (c4-r4)G( 1 ' ) 3/Elg2  . (14) 

Appropriate  values  to  satisfy  Equation  14  are  b'  =  2.4mm,  s 
=  0.5mm,  i  =  2Giuiu ,  c  =  l.Cmiu,  f  =  0.9uiui,  g  =  iOium.  In  this 
case,  F*  =  9N  which  is  much  greater  than  the  0.22N  required 


to  bend  the  silicon  cantilever  so  the  latter  does  not 
invalidate  the  above  calculations. 

For  the  measurement  of  pressure  an  evacuated  bellows  can  be 
caused  to  act  on  the  cantilever  via  a  torsion  tube  in  a 
similar  manner  to  the  bimetal  strip.  In  this  case,  let  us 
assume  that  full  scale  is  1  atmosphere  (105pa).  For  a 
bellows  of  effective  area  A*  the  force  produced  by  an 


external  pressure  p  is  given  by; 

F  =  pA*  . (15) 

Manufacturer's  data  (Ref.  31)  suggests  A*  =  4  x  10-5m2  so 


that  for  p  =  105pa  a  force  of  4  N  is  generated.  This  force 
is  again  much  larger  than  the  0.22N  required  to  deflect  the 
silicon  cantilever  so  that  the  primary  design  criterion  is 
to  match  the  deflection  of  the  bellows  to  the  rotation  of 
the  torsion  tube.  The  deflection  d  of  a  bellows  of  spring 
rate  k  subjected  to  a  force  F  is  given  by: 

F  =  kd.  . (16) 

The  deflection  of  a  lever  of  length  g  attached  to  a  tube  of 
length  1  and  inner  and  outer  radii  r  and  c  and  shear  modulus 
G  is  related  to  the  applied  force  F"  by; 

F"  =  (pi) (c4-r4)Gd/21g2  . (17) 
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where,  as  in  Equation  13,  the  angular  deflection  y  has  been 
approximated  by  d/g.  Setting  F  =  F"  we  obtain: 

g2  =  (pi) (c4-r4)G/21k  . (18) 

Suitable  values  are  c  =  1.0mm,  r  =  0.9mm,  G  =  3.73  x 
104Nmm-2  (brass)  1  =  20mm  and  k  =  11.7  Nmm-1  giving  g  = 
9.2mm.  These  values  are  similar  to  those  for  the 
temperature  transducer  so  leading  to  commonality  of 
components . 

The  isolation  of  the  measurement  medium  from  the  optical 
module  by  means  of  a  torsion  tube  conveys  the  advantage  that 
the  optical  module  may  be  sealed,  by  for  instance  a  PVC  dip 
coating,  thus  preventing  the  ingress  of  contaminants  and 
allowing  the  total  immersion  of  the  transducer. 

In  both  the  temperature  and  pressure  transducers  overrange 
protection  of  the  silicon  cantilever  can  easily  be  achieved 
by  positioning  a  stop  behind  it,  or  alternatively  by  causing 
the  zero  position  to  correspond  to  maximum  strain  so  that 
increasing  the  measurand  reduces  this  strain  until  at  full 
scale  the  lever  leaves  the  cantilever  altogether.  Clearly 
alternative  temperature  and  pressure  ranges  can  be  achieved 
by  suitable  choice  of  bimetal  or  aneroid  bellows. 

The  status  sensor  can  be  configured  in  several  ways.  Where 
small  movements  of  the  device  whose  status  is  required  to  be 
determined  are  involved,  the  device  may  act  directly  or  via 
a  suitable  lever  or  gear  onto  the  torsion  tube  lever,  as  for 
the  pressure  or  temperature  sensors.  Typical  movements  of 
this  lever  are  less  than  1  mm.  Alternatively,  the 
configurations  shown  in  Fig.  9  may  be  used.  In  Fig.  9a  the 
shutter  interrupts  the  output  beam  so  that  in  one  position 
no  signal  is  obtained  and  in  the  other  a  modulated  signal  at 
the  frequency  of  the  silicon  oscillator  is  output.  However, 
failure  of  the  light  source  simulates  the  no  output 
position.  Both  9b  and  9c  avoid  this  situation  by  having  two 
oscillators  at  different  frequencies.  Thus,  the  receipt  of 
one  frequency  indicates  state  0  and  the  other  state  1. 
However,  both  9b  and  9c  require  twice  the  optical  power  of 
9a.  Although  9b  requires  additional  components  compared  to 
9c,  it  has  the  advantage  of  maintaining  both  oscillators  in 
motion  at  all  times  so  improving  response  time.  (9c  has  a 
dead  space  of  approximately  Is  while  the  oscillation  builds 
up)  . 

2.4  Multiplexing 

The  number  of  sensors  that  can  be  multiplexed  onto  a  single 
optical  fibre  is  limited  by  two  constraints.  Firstly,  the 
frequency  bands  occupied  by  individual  sensors  must  not 
overlap  if  ambiguities  are  to  be  avoided  and  secondly  the 
power  available  from  the  driving  laser  must  be  sufficient. 
The  bandwidth  requirements  will  be  considered  first. 
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The  larger  the  number  of  multiplexed  sensors,  the  smaller 
the  bandwidth  that  can  be  occupied  by  each,  thus  limiting 
the  resolution  of  each  sensor.  In  addition,  harmonics  of 
the  lower  frequencies  must  not  fall  in  the  higher  frequency 
bands  (Ref.  32).  The  choice  of  frequencies  therefore  lies 
between  the  set  of  odd  numbers  (1,  3,  5,  7,  ...),  such  that 
all  intermodulation  frequencies  appear  as  the  set  of  even 
numbers  (2,  4,  6,  ...),  or,  alternatively,  a  set  within  one 
octave  (1  to  2),  such  that  intermodulation  frequencies  fall 
between  0  and  1.  The  requirement  to  limit  the  variation  in 
silicon  oscillator  dimensions  leads  us  to  choose  the  second 
alternative . 

The  number  of  sensors  which  can  be  multiplexed  within  one 
octave  is  then  determined  by  the  resolution  required  and  the 
uncertainty  in  the  measurand  due  to  errors  in  oscillation 
frequency.  The  dominant  cause  of  error  in  oscillation 
frequency  for  a  given  value  of  measurand  is  the  temperature 
coefficient  of  the  sensor  (Appendix  C) .  This  is  related  to 
the  bandwidth  (W"/W)  required  by  each  sensor  and  the 
operating  temperature  range  T*  by: 

W/W  =  (T*/RW)  W/  T  . (19) 

Where  R  is  the  resolution  required  for  a  given  sensor  as  a 
fraction  of  full  scale,  W  is  the  base  angular  frequency,  W" 
the  full  scale  change  in  angular  frequency  and  l/W(  W/  T)  is 
the  sensor  temperature  coefficient. 


TABLE  1. 

Normalised  frequency  bands  of  5%  width  fitted 
within  one  octave. 

Beind  Normalised  Frequency  Range 

(Sensor  number) 


1 

1.00  - 

1.05 

2 

1.09  - 

1.15 

3 

1.19  - 

1.25 

4 

1.30  - 

1.37 

5 

1.42  - 

1.49 

6 

1.55  - 

1.63 

7 

1.70  - 

1.78 

8 

1.85  - 

1.94 
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Typically  we  might  expect  to  achieve  a  temperature 
coefficient  of  50  ppm/'C  over  a  temperature  range  of  10*C. 
Thus  for  a  resolution  of  1%  a  bandwidth  of  5%  is  required  by 
each  sensor.  Table  1  lists  eight  normalised  frequency  bands 
of  5%  width  fitted  within  em  octave  whilst  allowing  space 
between  adjacent  bands  to  reduce  any  possibility  of  overlap 
due  to  manufacturing  tolerances  or  signal  processing 
limitations . 

In  order  to  extend  the  temperature  range  over  which  the  1% 
accuracy  can  be  achieved  the  temperature  at  the  sensor  must 
also  be  measured  (by  a  silicon  sensor  suitably  configured 
with  a  bimetal  strip)  and  compensation  made  in  the 
processing.  Thus  a  pressure  sensor  would  effectively  occupy 
two  sensor  frequency  bands. 

The  second  constraint  on  the  multiplexing  of  sensors  is  the 
available  power  from  the  driving  laser  which  must  be  greater 
than  the  sum  of  the  drive  powers  required  for  the  individual 
sensors  eind  the  losses  through  the  optical  system.  This  sum 
is  strongly  dependent  on  the  arrangement  of  the  sensors, 
three  variations  of  which  are  shown  in  Fig.  10,  11  and  12. 

In  the  series  arrangement  (Fig.  10)  the  lowest  incident 
power  occurs  for  the  sensor  furthest  from  the  laser  and  is 
determined  by  the  insertion  loss  per  sensor  and  the  number 
of  sensors.  The  cable  loss  is  likely  to  be  small  over  the 
likely  distances  involved.  In  the  parallel  arrangement 
(Fig.  11)  equal  power  arrives  at  each  sensor,  determined  by 
the  insertion  loss  of  the  couplers  between  the  sensor  and 
the  laser.  Combinations  of  series  cuid  parallel  arrangements 
are  also  possible.  If  the  insertion  loss  of  each  sensor  is 
small  compared  to  that  of  a  coupler  then  the  total  power 
required  by  the  series  arrangement  will  be  lower  than  for 
the  parallel  configuration.  In  our  case,  we  predict  a  loss 
of  -  5dB  per  sensor  and  an  excess  loss  of  -  IdB  per  (1:2) 

3dB  coupler.  (A  1:4  coupler  is  equivalent  to  two  3dB 
couplers  in  series,  and  so  on).  As  a  result,  the  parallel 
arrangement  requires  considerably  less  power  than  the  series 
arrangement:  +  12dB  relative  to  the  minimum  sensor  drive 
power  for  the  parallel  arrangement  compared  with  +  35dB  in 
the  series  case. 

Experimentally,  we  have  found  the  minimum  sensor  drive  power 
to  be  approximately  ImW  giving  a  total  power  requirement  of 
16mW  for  the  parallel  arrangement  and  3W  for  the  series 
configuration.  The  latter  power  requirement  is  not  feasible 
using  currently  available  semiconductor  lasers,  even  if  an 
improved  efficiency  could  be  obtained  by  coating  the  silicon 
to  improve  its  reflectivity. 

The  preferred  configuration  is  therefore  the  parallel  one 
(Fig.  11),  which  also  confers  the  advantage  of  graceful 
system  degradation  in  the  event  of  a  sensor  failure.  A 
further  possibility  is  that  the  sensors  may  be  operated  in 
parallel,  reflective  mode  (Fig.  12)  by  replacing  the  output 
GRIN  lens  with  a  mirror.  This  has  the  additional  advantage 
that  only  a  single  fibre  cable  has  to  be  connected  to  the 
sensor . 
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3.  SIGNAL  PROCESSING 


3.1  Introduction 

The  signal  processing  section  in  the  SENSID  unit  is  required 
to  transmit  the  value  of  the  measurand  at  each  sensor  to  the 
system  interface  device.  The  preceding  section  has 
described  the  nature  of  the  sensors  for  the  measurement  of 
temperature,  pressure  and  status.  It  has  been  shown  that  up 
to  eight  silicon  oscillators  may  be  multiplexed  together  and 
that  the  frequency  outputs  span  an  octave,  having  individual 
frequencies  of  around  IkHz. 

A  full  scale  change  in  measurand  results  in  an  oscillator 
frequency  change  of  5%.  For  a  resolution  of  1%,  a  frequency 
recognition  resolution  of  better  than  0.5Hz  in  IkHz  is 
required.  The  frequency  signal  must  be  obtained  in  such  a 
form  that  it  can  be  input  directly  to  a  computer  for  further 
processing . 

The  light  power  levels  from  the  sensors  will  be  of  the  order 
of  tens  of  microwatts  and  the  modulation  depth  of  the  signal 
will  be  of  the  order  of  a  few  microwatts. 

A  schematic  diagram  of  the  signal  processing  is  shown  in 
Fig.  13.  The  signal  processing  will  be  considered  here  in 
three  sections:  pre-processing,  demultiplexing  and  computer 
interface.  The  demultiplexing  section  has  formed  the  main 
area  of  study  and  has  been  looked  at  in  two  parts,  digital 
and  cinalogue  methods.  It  will  be  shown  that  an  analogue 
method,  using  phase  lock  loops  (PLL),  offers  the  preferred 
approach  to  demultiplexing. 

3.2  Pre-processing 

The  signal  pre-processing  is  shown  in  Pig.  13  in  simplified 
form.  The  optical  signal  is  detected  by  a  silicon 
photodiode  (eg.  type  BPX  65  or  equivalent)  and  the 
electrical  signal  is  converted  to  a  voltage  by  means  of  a 
trans impedance  amplifier  using  a  low  noise  operational 
amplifier  (eg.  type  OP27).  The  small  capacitor,  C^, 
prevents  parasitic  oscillation  of  this  stage  and  also 
reduces  the  effects  of  signal  harmonics.  The  frequency 
response  of  this  section  should  not  be  a  problem  and  the 
slew  rate  would  be  the  limiting  factor  with  a  very  high 
feedback  resistor.  Generally  l/f  noise  is  a  function  of  the 
feedback  resistor  and  the  open  loop  gain  of  the  amplifier. 

AC  coupling  to  the  next  stage  will  reduce  the  amount  of  l/f 
noise  and  this  may  be  accomplished  with  the  capacitor,  C2. 

3.3  Demultiplexing 

The  demultiplexer  must  take  the  signal  from  pre-processing 
and  turn  it  into  eight  separate  logic  level  signals 
corresponding  to  the  frequencies  of  the  multiplexed  sensors. 
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3.3.1  Digital  methods 


A  digital  approach  to  demultiplexing  first  requires  the 
use  of  an  emalogue  to  digital  convertor.  An  eight  bit 
analogue  to  digital  converter  is  commonplace  and  an 
example  for  use  in  the  system  would  be  the  Ferranti 
ZN439E-7  which  has  a  conversion  time  of  fi\’e 
microseconds . 

Three  alternative  implementations  of  a  digital 
demultiplexing  algorithm  have  been  considered: 

(i)  A  very  large  scale  integration  (VLSI)  device 

could  handle  an  algorithm  having  the  potential 
for  high  speed  operation.  However,  no  such 
device  has  been  found  to  be  available  and  a 
customised  device  would  be  prohibitively 
expensive. 

(ii)  A  computer  interface  card,  performing  much  the 
same  process  as  the  VLSI  device,  has  similarly 
not  been  found. 

(iii)  A  computer  program  performing  a  Fourier 

Transform  is  cin  obvious  and  desirable  solution. 
When  adapted  to  the  computer  the  process  becomes 
the  Fast  Fourier  Transform  (FFT)  and  an  analysis 
of  the  timing  and  memory  requirements  of  this 
approach  has  been  made. 

For  the  resolution  required,  about  100,000 
computer  operations  per  second  would  be  required 
and  this  would  take  about  one  minute  on  the  2 
MHz  processor  envisaged  for  the  system.  Use  of 
the  fastest  readily  available  computer  (which 
runs  at  16  MHz)  still  gives  a  long  time 
requirement  of  about  seven  seconds  for  the 
computation.  Svch  a  computer  would  also  be  very 
expensive.  An  alternative  approach,  using 
look-up  tables  instead  of  performing  the 
multiplications  eind  additions  associated  with 
the  computation,  would  reduce  the  time 
requirement  to  less  than  one  second.  However,  a 
further  time  limit  is  imposed  by  the  sampling 
time  which,  for  the  frequency  range  and 
resolutions  required,  would  be  of  the  order  of 
one  second. 

The  memory  required  for  the  computations  would 
be  1600  squared  bytes,  i.e.  2.5  Mbytes. 

The  FFT  approach  to  signal  demultiplexing  has 
not  therefore  been  found  to  be  attractive 
because  of  the  long  processing  time  auid  large 
memory  requirements. 
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3.3.2  Analogue  Demultiplexing 
Introduction 


The  requirement  for  analogue  demultiplexing  is  to  take 
the  single  output  from  the  optical  detector, 
discriminate  between  the  channels  contained  within,  and 
present  each  of  these  in  a  logic  ccxnpatible  form  to  the 
microcomputer  interface.  Three  alternatives  for 
performing  this  task  have  been  considered,  and  each  is 
discussed  in  this  section.  The  relative  merits  and 
disadvantages  of  each  method  are  examined. 

The  proposed  technique  is  then  considered  further,  with 
any  problems  expected  to  be  associated  with  it  being 
highl ighted . 

Band  Pass  Filters 


A  set  of  high  Q  band  pass  filters,  one  for  each  sensor 
in  the  multiplexed  loop  was  considered.  The  signal 
from  the  detector  circuit  would  be  divided  ‘n’  ways, 
where  n  is  the  number  of  sensors.  Thus  the  same  signal 
is  fed  to  each  of  the  n  filter  circuits  (see  Fig. 
14(a)). 

The  centre  band  frequency  of  each  filter  is  designed  to 
be  equal  to  the  nominal  centre  frequency  of  its 
associated  sensor,  and  the  filter  bandwidth  depends  on 
the  range  of  frequencies  that  the  sensor  can  output. 

The  filter  characteristic  should  therefore  be  flat 
across  the  passband,  rolling  off  sharply  so  that 
frequency  ccanponents  in  adjacent  sensor  channels  are 
heavily  attenuated.  The  desired  channel  frequency  that 
is  passed  by  the  filter  must  then  be  conditioned  to 
provide  a  suitable  digital  signal  to  the  microccxnputer 
inter  face . 

However,  it  is  expected  that  the  guard  bands  between 
channels  will  be  very  narrow  (about  20  Hz)  for  channels 
in  the  range  of  400-800  Hz.  Implementation  would  need 
very  high  Q  filters  to  give  the  necessary  rejection, 
which  would  result  in  a  non-flat  passband.  Such 
discrete  filters  would  require  a  considerable  number  of 
ccanponents  and  hence  poor  reliability  and  temperature 
stability  could  be  expected.  This  type  of  solution  is 
considered  as  being  neither  suitable  nor  practical  for 
this  application. 
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Intermediate  Frequency  Filters 


This  technique  employs  a  heterodyne  principle  to  mix 
the  signal  frequencies  up  to  an  intermediate  frequency 
(if)  band,  where  a  single  high  quality  tuned  filter 
would  be  used  to  discriminate  between  channels;  Fig. 
14(b)  shows  the  scheme.  The  local  oscillator  (LO)  has 
'n'  preset  frequencies  where  n  is  the  number  of  sensors 
multiplexed.  Each  value  is  ( IF  +  f*)  where  IF  is  the 
chosen  intermediate  frequency  and  f*  is  the  nominal 
centre  frequency  of  the  ith  sensor.  The  input  signal 
is  mixed  with  the  LO  output,  the  mixer  generating  sum 
and  difference  terms  for  each  sensor  channel  with  the 
LO.  Only  the  channel  corresponding  to  the  current  LO 
setting  will  be  passed  by  the  filter,  whose  centre 
frequency  equals  the  IF,  all  others  being  attenuated. 

This  signal  is  then  translated  back  to  the  baseband 
using  a  second  mixer  and  a  low  pass  filter’. 

This  technique  has  the  advantage  that  the  processing 
takes  place  in  one  frequency  band,  and  so  only  one 
filter  is  needed,  albeit  of  high  tolerance  and 
stability.  However,  several  disadvantages  have  been 
identi f ied : - 

-  the  method  requires  either  'n'  oscillators  or 

possibly  a  presettable  synthesizer. 

output  conditioning  is  needed. 

simultaneous  outputs  from  all  channels  are  not 

possible;  some  scanning  system  would  be 

requ  ired . 

Phase  Lock  Loops 

The  Phase  Lock  Loop  (PLL)  can  be  considered  as  a  narrow 
band  tracking  filter,  that  locks  on  to  the  desired 
input  signal  and  reproduces  it  as  a  logic-compatible 
square  wave  output,  exactly  equal  in  frequency.  This 
function  is  available  on  a  single,  low-cost  integrated 
circuit  ( IC )  and  it  is  comparatively  simple  to  set  up 
the  required  operating  conditions. 

One  device  is  needed  for  each  sensor.  Each  device  is 
configured  initially  to  capture  a  specific  sensor 
output  and  then  remain  locked  to  it  as  the 
measurand  causes  its  resonance  to  vary.  Such  a  scneme 
demands  little  hardware  euid  is  shown  in  Fig. 14(c). 

The  narrow  bandwidth  of  the  loop  results  in  high 
rejection  of  noise  at  the  input.  This  is  an  important 
feature  in  this  application  where  there  are  many 
potential  error  or  noise  sources  caused  by  temperature 
effects,  ageing,  coupling  losses,  maintenance 
alterations  etc. 


Therefore,  for  reasons  such  as  low  cost,  low  component 
count,  functional  simplicity,  high  noise  rejection  and 
design  flexibility,  it  is  proposed  that  using  phase 
lock  techniques  provides  the  most  suitable  method  for 
the  demultiplexing  aspects  of  the  signal  processing. 

PLL  Considerations 

Fig.  15  shows  the  format  for  the  distribution  of 
channels  and  the  constraints  for  the  design  of  the  PLL 
receivers.  The  PLL  capture  range  must  extend  across 
the  total  frequency  deviation  for  that  sensor,  so  that 
on  power-up  the  receiver  can  lock  on  to  the  sensor 
output  irrespective  of  its  current  resonant  state.  The 
channel  bandwidth  is  defined  as  the  total  sensor 
deviation  plus  50%  of  the  guard  band  on  each  side.  The 
capture  range  must  therefore  be  less  them  the  channel 
bandwidth  in  order  to  avoid  false  locking  to  an 
adjacent  channel.  It  is  proposed  to  set  the  limits  of 
the  capture  range  between  these  two  boundary  conditions 
so  that  frequency  drift  in  the  PLL  voltage  controlled 
oscillator  (VCO) ,  as  a  result  of  temperature  variation, 
does  not  violate  these  criteria. 

Estimates  can  be  made  to  determine  operational 
requirements  with  respect  to  temperature  based  upon  PLL 
VCO  drift.  If  we  assume  that  the  width  of  the  capture 
range  remains  constant,  but  that  it  is  shifted  due  to 
temperature  induced  changes  in  the  VcO,  a  worst  case 
condition  can  be  calculated; 

Temperature  co-efficients: 

VCO  +  0.03%  /‘C  (from  +  25-0) 

Frequency  setting, 

R  &  C  ccxnponents  +  0.014%/' C 

TOTAL  +  0.044%/'C  (440ppm/'C) 

For  sensors  with  a  5%  fullscale  change  centred  at 
around  400  Hz  and  with  a  20  Hz  guard  band,  it  has  been 
calculated  that  the  PLL  electronics  must  operate  within 
the  range  +5  to  +45'C  if  the  boundary  conditions  are  to 
be  maintained.  This  is  an  operational  requirement  that 
will  have  to  be  carefully  addressed  during  development. 

The  circuit  response  time  for  the  PLL  has  been  analysed 
and  depends  on  the  time  constant  of  the  PLL  low  pass 
filter.  This  may  be  estimated  by  reference  to  design 
curves  (Ref  .  33)  . 

It  can  be  shown  that  the  governing  filter  time 
constant,  T  is  given  by 

T  =  k/w2  seconds 

Where  k  is  the  PLL  oscillator  lock  range  (rad.  s-1 )  and 
W  is  the  loop  natural  frequency  (rad.  s  ) . 


A  figure  of  merit  for  a  PLL  is  defined  as 


F  =  _ capture  range 

closed  loop  bandwidth 

The  denominator  is  the  total  sensor  deviation  in  this 
application. 

Assuming  a  sensor  frequency  deviation  of  20Hz,  and  a 
capture  range  (W*)  extending  past  this  by  25%  of  the 
16Hz  guard  band  on  each  side  (refer  to  Channel 
multiplexing  scheme.  Fig.  15)  then 

F  =  ^  =  1.4 

20 

From  design  curves,  this  gives; 

W/k  =  0.46 


and 


W*/k  =  0.5 

With  the  capture  range,  W*  of  28  Hz, 
k  =  352  rad.s-1 


and 


W*  =  160  rad.-l 


Thus , 

Filter  time  constant,  T  =  352  =  14  ms 

160  X  160 

It  is  therefore  estimated  that  the  output  will  follow  a 
step  change  in  the  input  frequency  with  a  delay  of  the 
order  of  fourteen  milliseconds. 

The  PLL's  ability  to  lock  on  to  signals  buried  in  noise 
can  be  enhanced  if  a  limiting  circuit  is  employed  ahead 
of  the  PLL  input.  This  has  the  effect  of  eliminating 
noise  associated  with  amplitude  variations  in  the  input 
signal.  Some  commercial  PLL  devices  include  a  limiting 
stage  prior  to  the  phase  detector  on  the  chip,  thus 
further  simplifying  hardware  design. 

Appropriate  alarm  circuits  would  be  included  in  the 
design  to  give  an  indication  of  signal  failure  by 
detecting  aui  out  of  lock  condition  for  the  PLL. 

Two  integrated  PLL  devices  have  been  identified  and 
both  are  readily  available  and  similarly  of  low  cost. 
Although  they  have  essentially  the  same  circuit  block, 
differing  features  exist  between  them,  due  primarily  to 
the  technology  used:  the  LM565  is  a  linear  device 
whereas  the  4046  is  CMOS.  A  test  programme  to 
determine  overall  device  suitability  is  proposed. 
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3.4  Computer  Interface 


The  demultiplexed  signals,  now  at  logic  level  and  discrete 
(one  signal  per  sensor)  will  be  selected,  one  at  a  time,  for 
transmission  to  the  computer  for  further  processing.  Before 
they  arrive  at  the  computer,  however,  they  must  be  turned 
into  bytes  of  data  that  the  computer  can  understand.  The 
computer  must  be  able  to  address  each  sensor  and  receive 
data  concerning  the  measurand. 

An  interface  card  has  been  designed  and  built  under  STC  p/v 
funded  activity  and  this  gates  pulses  from  a  16.532548  MHz 
crystal  with  the  signal  inputs.  The  result  from  this  is 
sent  through  a  16  bit  counter,  registered  and  transmitted  to 
the  microprocessor.  The  count  of  gated  clock  pulses  is 
directly  proportional  to  the  sensor  frequency. 

A  resolution  of  0.5Hz  in  IkHz  is  necessary  and  so  the 
minimum  clock  frequency  is  given  by  - 

Minimum  clock  frequency  =  Sensor  frequency  x  Sensor  frequency 

Sensor  resolution 

=  2MHz 

The  crystal  used  has  been  selected  from  a  standard  range 
having  a  low  temperature  coefficient. 

The  interface  card  will  send  8  bit  data  bytes  to  the 
computer  through  a  programmable  read  only  memory  (PROM). 

This  memory  contains  conversion  and  linearisation  constants 
for  the  individual  sensors.  If  a  sensor  is  replaced  then 
the  appropriate  linearisation  PROM  will  also  be  replaced. 

The  8  bit  data  byte  will  be  used  as  an  address  in  the  PROM 
and  the  data  contained  at  that  address  will  be  sent  to  the 
computer.  Thus  no  electronic  intelligence  is  required  in 
the  SENSID  unit . 

Work  will  be  required  to  enable  the  eight  phase  lock  loops 
to  be  connected  to  the  front  end  of  this  interface  card.  It 
is  intended  to  feed  the  output  to  a  CUBE  industrialised 
personal  computer.  This  incorporates  a  6502  based  processor 
and  will  be  programmed  in  a  high  level  language  (Basic). 

The  computer  then  turns  the  number  into  a  figure  in  units  of 
the  measurand.  The  time  taken  for  this  operation  has  been 
assessed  and  a  worst  case  estimate  is  16.3  milliseconds. 
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4.  SMOKE  DETECTORS 


4.1  Introduction 


The  need  for  an  effective  smoke  detector  has  already  been 
considered  under  the  review  of  conventional  sensor  systems 
(see  Section  1.2).  This  has  shown  that  there  is  no 
effective  smoke  detector  available  for  use  by  the  USN .  This 
section  considers  the  design  of  a  smoke  detector  operating 
on  light  scattering  principles. 

The  basic  requirements  for  a  smoke  detector  may  be 
summarised  as  follows  (Ref.  34):- 

(i)  The  earliest  possible  alarm  of  the  emission  of 
smoke  from  a  fire  must  be  given.  Circuits  in 
either  the  detector  or  the  control  equipment  for 
the  prevention  of  false  alarms  must  not 
interfere  with  the  operation  of  the  system  but 
must  also  be  adequate  to  prevent  false  alarms. 

(ii)  Detectors  must  operate  reliably  under  the 
environmental  conditions  appropriate  to  where 
they  are  installed.  Factors  such  as  changes  in 
ambient  temperature,  relative  humidity  and  light 
intensity  must  not  affect  the  operation  of  the 
detector . 

(iii)  Detectors  must  be  resistant  to  adverse  long  term 
environmental  factors  such  as  corrosion, 
vibration  and  the  accumulation  of  dirt. 

(iv)  In  the  time  period  between  planned  maintenance 
of  the  detector,  the  threshold  value  for  alarm 
must  keep  within  a  range  such  that  adequate 
sensitivity  is  ensured  without  the  detector 
being  prone  to  false  alarms. 

(v)  The  detector  may  be  sited  in  areas  vhere 
discrimination  from  other  air-borne  materials  is 
required.  For  example,  exhaust  fumes,  steam  or 
paint  vapours  may  be  present. 

4.2  Snoke  characteristics 

Reference  is  made  here  to  the  particulate  components  of  the 
combustion  products,  rather  than  the  gaseous  ones,  since 
light  scattering  only  operates  on  particles.  The  two  most 
important  aerosol  properties  affecting  the  performance  of 
scatter  based  detectors  are  the  concentration  of  the  smoke 
and  the  particle  size.  There  is  a  lack  of  quantitative  data 
regarding  the  dependance  of  smoke  detector  performance  on 
these  factors  because  of  the  difficulties  involved  in 
reproducibly  generating  a  smoke  aerosol  of  fixed  size, 
coupled  with  the  complex  measurement  problem  of 
charater i sing  the  aerosol  (Ref.  35). 
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The  size  distribution  of  the  aerosol  changes  as  a  result  of 
the  phenomonenon  of  particle  coagulation  for  recirculating 
generators.  Small  scale  experiments  with  flaming  Douglas 
Fir,  polyvinylchloride  and  rigid  urethane  foam  indicate  that 
the  peak  particle  size  in  terms  of  mass  size  distribution 
under  smouldering,  or  pyrolising  mode,  are  0.5  to  1.5 
micrometres.  After  the  intial  stages  of  fire,  the  particle 
size  range  decreases  to  0.1  to  0.3  micrometres.  A  scatter 
detector  may  be  expected  to  be  sensitive  to  particles  having 
a  size  down  to  0.1  micrometre  (Ref.  35). 

A  useful  summary  of  particle  sizes  is  given  in  Fig.  16  and 
this  diagram  has  been  derived  from  a  table  given  in  Ref.  36. 
This  shows  that  most  smokes  span  a  size  range  of  0.01  to  1 
micrometres . 

Indoors,  smoke  rapidly  rises  from  a  fire  in  a  thin  column, 
widening  euid  entraining  air  as  it  does  so.  As  it  loses  heat 
and  meets  resistance  from  upper,  warmer  layers  of  air  it 
mushrooms  out  in  a  turbulent  fashion.  At  the  height  where 
the  temperature  of  the  smoke  is  the  same  as  that  of  the  air, 
it  will  stop  rising  until  increased  fire  activity  provides 
more  energy  to  drive  the  smoke  further  upwards.  To  detect 
smoke  in  some  circumstances  it  may  be  necessary  to  install 
sensors  in  several  places  (Ref.  37). 

4.3  Methods  of  Smoke  Detection 


There  are  several  possible  methods  of  sensing  smoke  and  the 
most  commonly  used  of  these  is  the  Ionisation  type  of 
detector.  A  simplified  version  of  this  detector  is  shown 
schematically  in  Fig. 17.  A  small  radioactive  source,  which 
is  frequently  Americium,  is  used  to  ionise  the  test  air  to 
produce  positive  and  negative  primary  ions  (Ref.  35).  The 
interaction  of  these  ions  with  test  particles  is  used  to 
generate  a  current  which  may  be  amplified  and  displayed  or 
used  to  generate  an  alarm. 

Another  method  of  smoke  detection  is  by  the  use  of  light.  A 
simple  attenuation  of  light  between  the  emitter  and  the 
detector  may  be  used  but  this  suffers  the  drawback  that  any 
obstruction  in  the  optical  path  will  attenuate  the  signal. 
Many  sources  of  attenuation  could  therefore  be 
misinterpreted  unless  the  application  is  very  well 
characterised.  Particle  size  discrimination  is  also  not 
possible  and  no  allowance  can  be  made  for  the  fouling  of 
opti cal  surfaces . 

Neither  of  the  above  methods  is  suitable  for  the  present 
application. 

4.4  Light  Scattering 

An  alternative  opical  method  is  based  on  the  detection  of 
the  light  scattered  by  smoke  particles  and  this  is  shown 
schematically  in  Fig.  18. 
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The  auigle  of  scatter  is  related  to  the  particle  size  and 
shape  eind  to  the  wavelength  of  the  incident  light.  The 
intensity  of  scattered  light  is  related  to  the  concentration 
of  smoke  particles  present.  There  are  limits  to  the  range 
of  particle  sizes  that  may  be  observed  by  scattering  arising 
from  the  physical  effects  of  light  scatter. 

If  the  particles  are  much  larger  than  the  wavelength  of  the 
incident  light,  reflection  will  occur  eind  the  direction  will 
depend  on  the  orientation  of  the  irregularly  shaped  smoke 
particle,  as  follows  from  gecxnetrical  optics. 

If  the  wavelength  of  light  is  much  greater  them  the  diameter 
of  the  particle,  Rayleigh  scattering  will  occur.  This  is 
mostly  scatter  with  a  very  low  absolute  intensity.  There 
are  intensity  maxima  in  the  forward  auid  reverse  directions 
and  there  is  a  minimum  in  the  plane  of  symmetry. 

As  the  radius  of  the  sphere  is  increased  from  the  Rayleigh 
regime  there  is  a  departure  from  symmetry,  more  light  being 
scattered  in  the  forward  direction  than  backwards.  This 
phenomenon  is  called  the  Mie  effect.  When  the  light 
wavelength  and  the  particle  diameter  are  similar  in  size, 

Mie  scattering  occurs.  Here  diameter  changes  with  fixed 
wavelength  will  have  a  large  effect  upon  the  output  at 
different  angles  cind  analysis  of  the  intensities  at  two 
angles  will  afford  the  concentration  of  particles  of  a 
particular  diameter.  This  particle  size  discrimination  is 
not  possible  under  the  other  scattering  regimes  where  the 
particle  size  is  much  greater  or  much  smaller  than  the 
wavelength  of  the  light. 

The  wavelength  of  the  light,  which  in  our  case  is  850nm, 
should  ideally  be  of  the  same  order  as  the  particle 
diameter.  A  detailed  analysis  of  Mie  scattering  involves 
lengthy  and  complex  mathematical  formulae  (Ref.  38)  and  this 
analysis  may  fortunately  be  reduced  to  a  simplified  relation 
which  is  used  to  given  the  diagrams  shown  in  Fig.  19  (Ref. 
39).  A  parameter  q  is  used,  defined  by 

q  =  2(pi)a/w 

where  a  is  the  particle  radius  and  w  is  the  wavelength  of 
the  incident  light. 

For  particles  having  radii  from  0.005  to  0.5  microns,  the 
value  of  q  ranges  for  0.02  to  2.0.  The  polar  diagrams  in 
Fig.  19  show  a  plot  of  scattered  light  intensity  at 
different  angles,  for  the  perpendicular  and  parallel 
polarisations,  at  different  values  of  q.  For  small  q,  the 
polar  diagrams  are  symmetrical  about  the  plane  through  the 
centre  of  the  sphere,  at  right  angles  to  the  direction  of 
propagation  of  the  light.  At  high  q  values,  the  intensity 
of  the  scattered  light  has  an  angular  dependence.  By 
detecting  the  intensity  of  the  scattered  light  at  two 
scatter  angles,  10  and  30  degrees  would  be  appropriate 
choices,  it  would  be  possible  to  determine  the  concentration 
of  selected  particle  sizes.  An  experimental  programme  would 
be  required  in  order  to  do  this. 
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4.5  Scatter  Cell  Design 


The  proposed  scatter  cell  would  be  a  simple,  robust  single 
piece  casting  into  which  standard  communications  fibre 
connectors  and  beam  expanders  would  be  screwed.  The  design 
is  shown  schematically  in  Fig.  20. 

The  emitter  and  two  scatter  detectors  have  expanded  beam 
connectors  in  order  to  cut  down  the  amount  of  light  which 
could  be  reflected  off  the  cell  walls  and  to  improve  the 
definition  of  the  scatter  angles.  The  detectors  would 
collect  scattered  light  from  an  area  located  at  the  centre 
of  the  cell,  and  other  light  arising  from  second  and  higher 
order  scattering.  The  sensitivity  of  the  sensor  would 
therefore  be  enhanced  if  the  smoke  could  be  channelled  into 
this  central  area.  This  may  be  difficult  to  implement 
without  electrical  power. 

The  two  angle  detection  system  proposed  here  has  been  used 
in  a  land  based  version  of  the  oil  in  water  monitor  referred 
to  in  Section  1.4.2.  The  two  detector  outputs  were  used  to 
compute  two  concentrations,  one  for  oil  and  the  other  for 
solid  particles.  The  particle  sizes  of  each  component  were 
known  and  this  information  was  used  to  derive  an  algorithm 
for  use  by  a  microprocessor.  The  system  has  been  shown  to 
detect  zero  to  two  parts  oil  per  million  parts  water  and 
also  zero  to  two  parts  per  million  solids.  A  crosstalk, 
between  the  two  concentration  measurements,  of  less  than  1% 
and  a  resolution  of  less  than  0.01  ppm  have  been  realised. 

A  direct,  straight  through  beam  was  used  to  provide 
ccmpensation  for  fouling  of  the  optical  surfaces  and 
degradation  of  the  ccanponents.  There  is  therefore  good 
precedent  that  a  scatter  cell  of  this  type  can  be  used  in  a 
discriminating  way. 

A  development  programme  would  be  required  to  investigate  the 
response  of  the  cell  to  differently  sized  particles,  to 
determine  if  a  baffle  is  needed  in  the  cell  to  shield  the 
scatter  detectors  and  to  examine  cell  window  fouling. 

Further  development  could  produce  a  cell  having  a  reduced 
fibre  connection  requirement  by  the  use  of  novel 
multiplexing  techniques. 

4.6  Smoke  detection  systems  aspects 

A  schematic  diagram  for  the  system  is  shown  in  Fig.  21.  The 
optoelectronics  and  signal  processing  would  be  located  in 
the  SENSID  unit  vihich  would  be  connected  to  the  scatter  cell 
by  an  optical  fibre  cable  and  to  the  SYSTID  unit  by  an  RS232 
link . 

A  microprocessor  in  the  SENSID  would  send  timed  pulses  of 
defined  current  amplitude,  through  a  digital  to  analogue 
port  and  current  booster,  to  the  laser  drive.  The  detector 
output  signals  would  be  multiplexed  into  an  analogue  to 
digital  convertor,  via  preamplification,  and  operated  on  by 
the  microprocessor.  The  preamplifier  would  use  phase 
sensitive  detection  for  maximum  noise  rejection. 
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The  direct  beam  would  be  read  and  compared  to  a  preset, 
reference  level  and  the  laser  power  adjusted  to  equalise  the 
two  values.  This  would  constitute  an  automatic  gain  control 
and  at  maximum  allowable  gain  an  alarm  could  be  initiated. 

The  scatter  signal  would  be  operated  on  by  an  algorithm 
which  had  been  pre-loaded  with  coefficients  appropriate  for 
the  application.  The  coefficients  could  be  altered  to  suit 
changing  conditions,  ie  they  could  be  adaptive. 

The  optical  losses  in  the  system  have  been  analysed  and  the 
results  are  shown  diagramatically  in  Fig.  20.  System 
losses,  excluding  those  associated  with  "straight  through" 
attenuation  or  scattering,  have  been  estimated  at  14dB.  A 
"straight  through"  loss  of  lOdB  has  been  estimated  giving  a 
total  direct  loss  for  the  system  of  24  dB.  The  loss  due  to 
scatter  is  difficult  to  estimate  because  of  lack  of 
knowledge  of  the  concentration  of  particles  in  smoke. 
Reference  to  other  work  in  oil  in  water  detection  suggests 
that  an  ecjuivalent  smoke  concentration  of  100  ppm  may  be 
appropriate  (Ref.  40),  in  which  case  an  additional  scatter 
loss  of  20dB  should  be  included. 

Consideration  of  the  detector  sensitivity  then  leads  to  a 
requirement  for  a  5mW  laser.  In  practice,  this  power 
requirement  could  be  reduced  by  the  use  of  phase  sensitive 
detection,  which  reduces  the  noise  bandwidth  but  also 
increases  the  time  taken  to  process  the  signal. 
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5.  TELEMETRY  AND  DISPLAY 


5 . 1  Int roduc t ion 


Telemetry  is  required  to  transfer  sensor  information 
(address,  data,  and  data  units)  from  the  sensor  interface 
device  or  devices  to  the  system  interface  device  vhere  all 
information  is  collated  and  displayed.  The  basic  telemetry 
requirements  are  for  compatibility  with  the  microcomputers 
used  at  either  end  of  the  link,  and  for  the  data  to  be 
transferred  from  each  SENSID  every  ten  seconds  without 
degrading  overall  system  performance.  The  latter  implies 
that  the  data  be  transferred  at  as  high  a  rate  as  is 
practical,  to  avoid  impinging  on  the  processing  time 
required  at  a  SENSID  for  other  tasks  (polling  individual 
sensors,  data  storage,  and  data  display,  for  example). 

Consideration  of  the  problem  resulted  in  the  choice  of  an 
RS-232C  link,  as  this  is  most  easily  implemented  in  both 
electrical  and  optical  form,  and  is  a  conmon  industrial 
standard.  An  asynchronous  link  also  avoids  the  need  for  a 
common  clocking  between  any  of  the  sensor  or  system 
interface  devices,  and  provides  some  measure  of  graceful 
system  degradation  -  if  a  sensor  interface  device  fails,  the 
rest  of  the  system  remains  intact.  It  is  anticipated  that 
system  interface  devices  will  be  receivers  only  and  do  not 
poll.  This  will  allow  duplication  of  SYSTIDs. 

5.2  Teleaetry 

To  ensure  system  operation,  within  the  ten  second  time  slot, 
an  analysis  of  information  protocol  was  conducted,  with  the 
following  inputs; 

-  Sensor  resolution  of  1/256  ( ie  8  data  bits) 

-  A  maximum  of  256  sensors  per  sensor  interface 
device  (8  data  bits) 

-  RS-232C  protocol  at  a  bit  rate  of  4800,  9600,  or 
19200  bits/sec.  This  last  rate  is  not 
guaranteed  on  the  chosen  microccmiputer . 
Information  will  be  carried  as  ASCII  characters. 
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RS-232C  protocol  requires  one  start  bit,  a  choice  of  seven 
or  eight  data  bits,  one  parity  bit  (optional  but  desirable), 
and  one  stop  bit.  Therefore,  there  are  eleven  bits  per  word 
(eight  data  bits  are  needed)  and  three  words  are  required 
per  sensor  -  one  each  for  address,  data,  and  engineering 
units/alarm  levels.  These  three  words  will  be  transmitted 
every  time  the  sensor  interface  device  transmits  data.  A 
total  of  33  bits  are  then  required  for  each  sensor,  giving 
8448  bits  for  256  sensors.  The  time  taken  to  receive  data 
from  a  sensor  interface  device  is  then  1.76,  0.88,  and  0.44 
seconds  at  the  different  bit  rates.  For  the  demonstration 
system,  0.88  seconds  gives  sufficient  time  for  the  other 
ccxnputer  activities  within  a  ten  second  time  slot,  and  a 
rate  of  9600  bits/sec  is  therefore  chosen.  This  also  allows 
multiple  sensor  interface  devices  to  be  used  with  a  single 
system  interface  device. 

Note  that  the  data  transfer  protocol  is  not  restricted  to  an 
asynchronous  RS-232C  link,  but  has  been  selected  for 
convenience  and  ease  of  implementation,  as  a  support 
activity  for  the  overall  programme. 

There  are  several  suppliers  of  full  duplex  RS-232C  optical 
links,  each  of  whose  systems  will  allow  for  simple  insertion 
into  a  9600  bits/sec  electical  asynchronous  path  with 
minimal  power  supply  requirements,  and  with  transmission 
path  lengths  up  to  1500m  as  standard. 

5.3  Display 

Sensor  data  will  be  output  to  a  monochrome  CRT  display  in 
alphanumeric  mode.  The  system  interface  device  will  decode 
sensor  information  -  for  system  flexibility  and  expansion 
all  individual  sensor  identification  will  be  resident  in 
each  set  of  signal  processing  electronics.  No  system 
interface  reprogramming  will  be  required  if  sensors  are 
added  or  removed. 

The  output  format  for  the  demonstrator  will  be  sensor 
address,  type,  reading,  units,  and  alarm  (audible  as  well  as 
visual,  if  required)  when  a  preset  alarm  level  has  been 
reached.  The  display  will  scroll,  but  operator  intervention 
will  allow  particular  sensor  data  to  be  displayed. 

Flowcharts  for  the  programs  associated  with  the  operation  of 
the  SENSID  and  SYSTID  units  have  been  devised  and  are  shown 
in  Figs.  23  and  24  respectively. 
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6.  CONCLUSION 


Introduction 

The  conceptual  design  of  a  fibre  optic  sensor  system  for  the 
measurement  of  pressure,  temperature  and  status  and  the 
detection  of  smoke  has  been  described  in  this  report.  With 
the  exception  of  the  smoke  detector,  the  sensors  are  based 
on  a  common  optical  module  containing  cin  oscillating  silicon 
paddle.  The  oscillation  frequency  of  the  paddle  is  varied 
by  interaction  with  the  measurand. 

The  pressure  sensor  uses  an  evacuated  bellows  to  apply  force 
to  the  silicon  oscillator  via  a  torsion  tube.  The 
temperature  sensor  uses  a  bimetallic  strip  for  applying  this 
force.  In  the  status  sensor,  force  may  be  applied  directly 
to  the  torsion  tube  or,  alternatively,  a  shutter  could  be 
arranged  to  interrupt  the  output  signal.  Different  ranges 
for  these  sensors  may  be  achieved  by  varying  only  the 
bellows  or  the  bimetallic  strip  as  appropriate. 

Experimental  work,  conducted  under  another  programme,  has 
provided  a  successful  laboratory  demonstration  of  the 
operating  principles  of  the  common  optical  module. 

Systea  advantages 

The  advantages  of  the  sensor  system  may  be  considered  in  two 
parts.  Firstly  there  are  advantages,  which  are  widely 
recognised,  associated  with  fibre  optic  systems  in  general. 
Secondly,  there  are  advantages  which  are  specific  to  this 
sensor  type  and  these  will  be  highlighted  here. 

The  sensors  operate  by  the  measurement  of  frequency,  as 
opposed  to  amplitude,  changes.  The  sensors  will  not 
therefore  be  adversely  affected  by  a  whole  range  of  possible 
changes  in  other  parts  of  the  system.  These  system  changes 
could  arise  from  variations  in  source  output,  for  example  as 
a  result  of  device  ageing  or  temperature  effects,  and  in 
attenuation  changes  in  the  interconnecting  cables  and 
connectors.  The  latter  changes  could  arise  for  a  variety  of 
reasons,  for  example  system  repair  or  reconfiguration, 
microbending  effects  and  temperature  effects. 

The  sensors  in  multiplexed  form  offer  significant  potential 
flexibility  in  the  way  that  they  can  be  configured  for  use. 

The  sensor  method  is  potentially  capable  of  high  sensitivity 
and  accuracy,  although  there  will  be  balancing  trade-offs 
with  multiplexing  capability  and  this  aspect  is  discussed 
further  below. 


30 


The  sensor  design  has  been  approached  in  terms  of 
considering  general  sensor  capability,  independent  of 
particular  application  requirements.  However,  the  sensors, 
with  their  digital  output,  could  be  envisaged  as  forming 
part  of  an  advanced,  integrated  system  for  damage  control 
and  such  a  system  could  include  the  development  of  Expert 
Systems  to  assist  USN  personnel  in  dealing  with  incidents. 
The  damage  control  aspect  has  therefore  been  included  in 
this  report  so  that  potential,  practical  application 
requirements  can  be  considered  from  an  early  stage  of 
dev  elopment . 

Factors  affecting  further  development 

The  next  development  phase,  involving  the  detailed  design, 
construction  and  testing  of  transducers  having  specified 
performance  represents  a  significant  step  forward  from  the 
present  state.  The  analysis  made  under  this  study  has 
identified  a  number  of  key  factors  which  will  have  to  be 
considered  carefully  during  further  development. 

Accuracy  and  temperature  effects 

It  has  been  shown  that  there  is  a  trade-off  between  the 
resolution,  and  accuracy,  achievable  for  a  single  sensor  and 
the  number  of  sensors  that  can  be  multiplexed  into  a  single 
optical  link.  This  trade-off  arises  because  the  total 
bandwidth  available  for  the  multiplexed  array  of  sensors  is 
one  octave,  in  order  to  avoid  aliasing,  and  the  accuracy 
with  which  the  measurand  can  be  determined  depends  on  the 
drift  in  frequency  of  an  individual  sensor. 

The  sensor  frequency  drift  will  be  dominated  by  the 
temperature  coefficient  of  the  sensor  itself,  provided  that 
the  processing  electronics  can  be  maintained  in  a  reasonably 
temperature  stable  environment.  The  values  derived  indicate 
that,  in  the  measurement  of  pressure,  and  possibly  status, 
the  temperature  will  also  have  to  be  measured  if  more  than 
two  or  three  sensors  are  to  be  multiplexed  and  a  reasonable 
resolution  is  to  be  achieved.  Reducing  the  temperature 
coefficient  therefore  represents  one  of  the  major  risk  areas 
in  the  development  of  a  sensor  system  such  as  this. 

Signal  processing  and  ti«e  constants 

Possible  alternative  techniques  for  signal  demultiplexing 
have  been  considered  and  it  has  been  proposed  that  a  system 
using  phase  lock  loop  integrated  circuits  should  be  adopted. 
This  method  potentially  provides  the  best  operational 
performance  and  design  flexibility  at  comparatively  low 
cost . 

In  further  development  it  will  be  necessary  to  evaluate  some 
commercial  devices  to  determine  the  most  suitable.  Factors 
such  as  noise  performance,  response  time,  temperature 
dependence  and  lock  acquisition  properties  would  be 
assessed . 
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The  time  constants  for  the  sensor  system  have  been 
considered.  Using  the  reconmended  signal  processing 
solution  of  PLL  followed  by  a  microcomputer,  the  time 
constant  will  be  dominated  by  the  signal  processing  in  the 
case  of  the  pressure  and  status  sensors.  The  signal 
processing  time  constant  is  related  to  sensor  bandwidth  and 
an  appropriate  trade-off  would  be  required. 

For  the  temperature  sensor,  the  time  constant  will  be 
determined  by  the  thermal  mass  of  the  sensor  itself  and  this 
will  need  to  be  minimised. 

Sensor  efficiency 

A  further  major  area  of  development  effort  will  involve  the 
improvement  of  sensor  efficiency  so  that  less  light  is 
needed  to  drive  the  sensor  in  oscillation.  With  the  present 
state  of  development,  it  is  estimated  that  the  sensors  must 
be  arranged  in  parallel  to  make  maximum  use  of  the  available 
optical  power. 

If  significant  improvements  in  the  optical  insertion  loss 
can  be  achieved  then  mixed  parallel  and  series  arrangments 
beccxne  feasible  or  more  sensors  could  be  multiplexed  on  a 
given  laser.  These  improvements  may  be  possible  by  reducing 
the  overall  dimensions,  and  hence  the  optical  path  length 
and  loss,  and  by  using  reflective  coatings  on  the  oscillator 
paddle . 

Transducer  packaging 

The  packaged  sensor  will  have  to  withstand  a  variety  of 
environmental  conditions.  The  design,  construction  and 
testing  of  the  packaging  required  to  achieve  the 
environmental  performance  represents  a  significant 
development  activity. 

Smoke  detector  system 

The  smoke  detector  proposed  as  a  result  of  this  work 
operates  on  light  scattering  principles  and  can  therefore  be 
viewed  as  a  separate  entity  from  the  other  sensors.  There 
are  three  factors  Which  should  be  considered  in  relation  to 
further  development  of  the  smoke  sensor. 

Firstly,  there  is  significant  Company  background  experience 
in  the  development  of  scatter  cells  and  this  has  already 
been  applied  to  the  construction  of  devices  v^ich  can 
function  in  a  discriminatory  way. 

Secondly,  an  experimental  programme  is  required  in  order  to 
look  at  variations  in  smoke  types  and  their  scattering 
properties.  This  experimental  programme  would  have  to 
include  an  assessment  of  window  fouling  effects  since  this 
has  been  perceived  as  a  major  possible  drawback  to  the 
system.  The  programme  would  therefore  be  a  precursor  to  the 
full  development  of  a  smoke  detection  system. 
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The  third  factor  which  should  be  considered  is  that  there  is 
no  currently  available  smoke  detector  which  meets  USN  needs. 
The  incidence  of  fire  and  it  consequences  are  such  that 
further  work  in  this  area  is  of  obvious  importance. 


In  conclusion,  the  different  aspects  of  the  proposed  fibre 
optic  sensor  system  have  been  considered  in  detail.  The 
conceptual  design  and  basis  of  operation  of  the  main  system 
elements  have  been  analysed  and  the  key  aspects  which  will 
need  attention  in  further  development  have  been  highlighted 
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Figure  3.  Equivalent  circuit  of  magnetically  actuated  self-resonant  device 
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Figure  6.  Silicon  oscillator 


Figure  8.  Status,  pressure  and  temperature  transduction  mechanism 


Silicon  oscillator  _  Shutter 


© 


1987  STC  PLC 


AW  8507-10 


Figure  9.  Possible  status  sensor  configurations 


Igure  1 0.  Frequency-out  silicon  sensor  multiplexing,  series  arrangements 
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Figure  11.  Frequency-out  silicon  sensor  multiplexing,  parallel  arrangement 


Figure  1 2.  Frequency-out  silicon  sensor  multiplexing,  parallel  reflective 
arrangement 
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Figure  13. Sensor  processing  schematic 
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Figure  14.  Analogue  demultiplexing:  alternative  solutions 


Particle  Diameter  microns 


Figure  16.  Characteristics  of  particles  and  particle  dispersoids 
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Figure  18.  Schematic  of  light  scatter  smoke  detector 


Cast  cell 


Figure  20.  Simple  scatter  cell  schematic 
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Figure  21.  Smoke  detector  system  schematic 


sses  in  the  smoke  detector  system 
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Figure  24.  System  interface  devide  flowchart 
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Appendix  A 


Derivation  of  the  resonant  frequency  for  a  silicon  oscillator . 

The  electric  circuit  for  the  silicon  sensor  is  shown  in  Fig.  3 
and  consists  of  an  inductor  L  with  resistor  R* ,  a  capacitor  C  in 
parallel  and  a  photodiode.  The  current  through  the  inductor 
(i')  is  related  to  the  current  producted  by  the  diode  (i)  by 

i‘  =  iZ/Z'  . (A.l) 

where  Z  is  the  impedance  of  the  LC  circuit  given  by  (Ref.  41) 

Z  =  1/CjWC  +  l/{R*+jWL)]  . (A. 2) 

and  Z'  is  the  impedance  of  the  inductor  given  by 


Z'  =  R*  +  jWL  . (A.  3) 

It  is  convenient  to  write  the  complex  number  Z/Z'  in  terms  of 
its  modulus  and  argument 


|Z/Z'l  =  1/ [(1-W2lc)2+w2c2(R*)2]15 

-h  =  arg(z/Z‘)  =  arctan[-WCR*/ { 1-W2ijc  )  ] 


(A. 4) 


Thus,  at  time  s,  if 

i ( s )  =  i*  cos(Ws)  . (A  .  5 ) 

where  i*  is  the  peak  value  of  i,  then 

i'(s)  =  i*iZ/Z'|  cos(Ws-h)  . (A. 6) 


The  magnetic  flux  U(s)  produced  by  the  inductor  is  proportional 
to  i'(s)  and  hence  so  is  the  magnetic  field  B(s)  in  which  the 
paddle  sits. 

The  torque  t{s)  acting  on  the  paddle  is  given  by 
_t  (  s  )  =  B(  s  )  .  m 

This  leads  to  . {A.l) 

t(s)  =  |B(s)||ml 


for  v  =  90'’ ,  where  v  is  the 

angle  between  the  B  field  vectors,  ie.  small  oscillations. 

Hence , 


t(s)  is  proportional  to  i'(s)  -  no  phase  change  or 

pi  phase  change  if 
m  reversed  . 

-  no  frequency 
dependence  in 
propo  rt  i  onal  i  ty 
constant . 
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For  a  torsional  simple  harmonic  oscillator  driven  by  a  torque 


t  ( s  )  =  t  ■  cos  (Ws  )  , 

u(s)  =  C*cos  (Ws-h*)  . (A. 8) 

where,  according  to  (Ref.  42) 

C*  =  t  ■/(  .J2[(w*)2-w2]2+w2Y2)^  = 

tan  (h*)  =  WY/J[(VV*)2_w2]  _ (A. 10) 

W*  =  (GK/Jl)^  _ (A. 11) 

G  =  shear  modulus 


K  =  torsional  stiffness  constant  (Appendix  C) 

J  =  mass  moment  of  inertia  of  lumped  end  mass  (half  the 
paddle  ) 

Y  =  velocity  damping  constant 
Hence 


u(s)  is  proportional  to  C*/t ' | Z/Z ' ] cos (Ws-h-h* ) 

- (A. 12) 


or  to  C*/ 1 '  1 Z/Z ' I  cos ( Ws-h-h* -pi ) 


if  the  magnet  is  the 
other  way  round 


The  proportionality  is  independent  of  u  for  small  oscillations 
and  W  for  all  W  (unless  L  =  L(W)  or  C  =  C(W)). 

For  a  self  consistent  solution  the  total  phase  change  around  the 
system  from  i(s)  to  u(s)  must  be  2n(pi),  where  n  =  0,1,  ... 

That  is, 

h  +  h*  =  n (pi ) 

(the  extra  pi  is  achieved  by  reversing  the  magnet  if  necessary) 
tan  (n(pi))  =  tan  (h  +  h*) 

=  WCR*/ ( 1-W2lC)+wy/J[ (W*) 2-w2] 


1  -  [WCR*/(1-W2lC)][WY/J[(W*)2_w2]] 


=  0 

This  leads  to 

JCR*[(W*)2-w2)  +  (1-w2lc)  =  0 
W  =  W*[ ( i+Y/ (W*) 2jcR*) /(1+YL/JR*) 


.  . . (A. 13) 

.  .  . (A. 14) 
.  . . (A. 15 ) 
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W'  is  therefore  approximately  equal  to  the  natural  frequency  o 
the  silicon  oscillator  provided  that  Y  is  small  compared  to  R* 
that  is,  the  oscillator  must  have  a  much  higher  Q  than  the 
electric  circuit. 
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Appendix  B 

Calculation  of  the  drive  power  for  one  sensor 

It  has  been  noted  that  the  amplitude  of  oscillation  C*  should 
not  exceed  1®  to  avoid  hysteretic  effects.  However,  we  wish  to 
have  as  large  an  amplitude  as  possible  in  order  to  maximise  the 
signal  modulation.  Therefore  suppose  C*  =  0.5°. 

At  resonance,  C*  ( Eqn .  A. 9)  reduces  to  t' /VTi  where 

Y  =  WJ/Q  - (B.  1 ) 

J  being  the  mass  moment  of  inertia  and  Q  the  quality  factor. 

For  one  of  our  devices  we  measured  W  to  be  4141  rad/ s  and  Q  to 
be  686.  Thus,  the  torque  t'  required  to  produce  this 
oscillation  amplitude  C*  is: 

f  =  w2jc*/Q  =  9.1  xlO-2Nm  ....(B.2) 

in  which  J  was  calculated  from  the  natural  frequency  of  the 
silicon  oscillator  using  Eqn.  A. 11. 

By  placing  the  paddle  in  a  known  magnetic  field  produced  by 
Helmholtz  coils  and  noting  the  deflection  using  an  optical 
lever,  the  magnetic  moment  jml  of  the  SmCo  magnet  on  the  paddle 
was  determined  and  found  to  be  5.3  x  10-7 Am2.  Rearranging  Eqn. 4 
and  setting  v  to  90°,  we  can  calculate  the  magnetic  field  B 
required  to  produce  torque  t’: 

B  =  t  7 1ml  =  17  X  10-6t 

From  our  measurements,  we  find  that  to  create  a  17  uT  field 
between  the  pole  pieces  of  the  metallic  glass,  where  the  paddle 
is  situated,  a  current  of  0.17mA  is  required  from  the  photodiode 
at  this  frequency.  The  conversion  efficiency  X  of  a  typical 
silicon  photodiode  at  850  nm  is  0.55  A/W  and  so  we  require  0.17 
X  10-3/0.55  =  0.31mW  of  optical  power  to  be  reflected  onto  the 

photodiode.  As  the  reflectivity  of  the  silicon  paddle  at  850nm 
is  0.32  then  approximately  ImW  (0.31/0.32)  of  optical  power  is 
required  to  be  incident  on  the  oscillator  in  order  to  drive  it 
at  an  amplitude  of  0.5°. 

Clearly,  coating  the  paddle  to  improve  its  reflectivity  (eg. 
with  gold  Fig.  B.l)  would  reduce  the  power  requirement 
considerably. 
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Appendix  C. 

Teaperature  dependence  of  the  silicon  oscillator 


Ref.  43  has  been  used. 

The  natural  angular  frequency  W*  of  the  silicon  oscillator 
structure  shown  in  Fig.  6  is  given  by: 

(W*)2  =  kg/JI  - (C. 1) 

Taking  natural  logarithms  and  differentiating,  the  temperature 
coefficient  can  be  written  as: 

( 1/W*)3W*/3T=[  ( 1/K)9  K/3T+(  l/G)3G/3T-(  1/J)9  j/9T-(  1/1)3  1/3  T]/2 

- (C. 2) 


K  is  given  by 

K  =  nm3[i6/3-3.36m(l-m4/i2n4)n]  - (C.3) 


Hence , 


3K/3T  =  [16nm2-i3 .44ni3+2 .24m7/n4]3m/3T 

+[16m3/3-i .i2m8/n5]3n/3T  - (C.4) 

Typically,  n  =  100  microns,  m  =  4  microns  and 

(l/n)3n/3T  =  (l/m)ani/9T  =  2.4  x  lO-B'C-l 


Thus , 

K  =  3.3  X  10-20  (metre)4 

and  (1/K)3K/3T  =  9.7  x  10-6  'C-l 

(l/l)3l/3T  is  the  linear  expansivity  of  silicon  and 
so : 

(1/1)31/3T  =  (l/n)3n/3T  =  2.4  x  10-6  'c-1 

The  temperature  dependence  of  the  shear  modulus  is  not  known  but 
as  G  is  related  directly  to  Youngs  modulus  we  may  expect  the 
temperature  dependence  to  be  similar.  Values  for  the 
temperature  dependence  of  Youngs  modulus  vary  from  about  -50  to 
-100  ppm/*C  and  so  we  have  estimated  the  temperature  dependence 
of  the  shear  modulus  to  be  -80ppm/®C. 
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J,  the  mass  moment  of  inertia  of  the  paddle,  is  given  by 

J  =  m  (a2  b2)/i2  ....  (C. 5) 

where  m  is  half  the  paddle  mass  (including  the  SmCo  magnet)  and 
a  and  b  are  defined  in  Fig.  6.  Differentiating  we  obtain 


since , 


Therefore 


9j/3T  =  m(2a3a/9T  +  2b3b/3T)/l2 

(l/a)3a/3T  =  (l/b)3b/3T  =  linear  expansivity, 

3J/3T  =  2J[{ l/a)3a/3T] 


.  (C.6) 

(C.7) 

(C.8) 


( 1/ J) 3 J/ 3T-2[ { 1/a ) 3 a/3T]=4 .8  x  10-6  “ C”1 
The  temperature  dependence  of  the  silicon  is  then 

(1/W)3W/3T  =  [(9.7-80-4.8-2.4)  x  10-6]/2 
=  approx.  -40  ppm/°C 

It  is  therefore  clear  that  considerable  effort  will  b^  rpcruired 
in  temperature  compensation  if  the  50ppm/“C  target  is  to  be 
achieved  for  the  whole  transducer  assembly.  Alternatively  a 
smaller  operational  temperature  range  or  reduced  accuracy  must 
be  specified. 
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A* 


A' 


B 

C 

C* 

D 

E 

F 


F* 


F' 


F" 

FFT 

G 

I 

I' 

IF 

J 

J* 

K 

L 

LO 

M 

N 

P 

PLL 

Q 


Abbreviations,  Acronyms  and  Symbols 
Unrestrained  bimetal  cantilever  deflection 
Effective  area  of  bellows 
Illuminated  area  of  paddle 
Magnetic  field 

Capacitance  in  electrical  circuit 
Oscillation  amplitude  of  paddle 
Force  acting  on  a  cantilever 
Modulus  of  elasticity  of  bimetal 

Force  exerted  on  bellows  due  to  external  pressure,  p 
or  PLL  figure  of  merit 

Residual  force  generated  by  a  partially  restrained 
bimetal  cantilever. 

Force  developed  by  a  restrained  bimetal  cantilever 

Force  required  to  be  applied  to  a  lever  of  length 
to  produce  a  torque  t. 

Fast  Fourier  Transform 

Shear  molulus 

Cantilever  moment  ot  inertia 

Incident  light  intensity  on  oscillator 

Intermediate  frequency 

Mass  moment  of  inertia  of  paddle 

Polar  moment  of  inertia 

Torsional  stiffness  constant 

Inductance  in  electrical  circuit 

Local  oscillator 

Sens  id  number 

Sensor  number 

Reflected  optical  power  onto  photodiode  in  sensor 
Phase  Lock  Loop 

Quality  factor  of  an  oscillator 
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Reflectivity  of  paddle  or  fractional  resolution  (eg. 
1  in  100) 

Resistance  in  electrical  circuit 


SmCo 


Tensile  stress  on  paddle  supports 
Samarium  -  Cobalt 


SENSID 


Sensor  Interface  Device 


SYSTID  System  Interface  Device 

T  Filter  time  constant  or  Temperature 

T*  Temperature  change  or  ranges 

U  Magnetic  flux 

VCO  Voltage  controlled  oscillator 

VLSI  Very  large  scale  integration 

W  Force  applied  to  cantilever  or^  base  angular  frequency 

or  PLL  natural  frequency 

W"  Full  scale  or  maximum  value  of  sensor  angular 

fr  equency 

W*  Natural  angular  frequency  of  silicon  oscillator  or 

PLL  capture  range 

W  Resonant  angular  frequency 

X  Conversion  efficiency  of  photodiode  in  .JVnps/Watt 

Y  Mechanical  damping  coefficient 

Z  Impedance 

Z'  Inductor  impedance 

a  Paddle  width  or  particle  radius 

a'  Specific  thermal  deflection  of  bimetal 

b  Paddle  thickness 

b'  Bimetal  strip  width 

c  Outer  radus  of  torsion  tube 

d  Deflection  (of  cantilever  free  end,  bellows  etc). 


Frequency 

Nominal  centre  frequency  for  ith  oscillator 
Length  of  lever  attached  to  top  of  torsion  tube 
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h 

h* 

i 

i  ■ 
i* 

j 

k 

1 

1  ■ 
m 

n 

P 

p/v 

q 

r 

s 

t 

t’ 

u 

V 

w 

X 

y 

z 

Note 


Phase  angle 
Phase  angle 

Current  produced  by  photodiode 

Inductor  current 

Peak  value  of  i 

Square  root  of  minus  unity 

Spring  rate  of  bellows  or  PLL  oscillator  lock  range 
Length  of  paddle  support  ^  length  of  torsion  tube 
Bimetal  cantilever  length 

Mass  of  half  paddle  or  Magnetic  moment  of  Samarium 
Cobalt  magnet  or^  half  thickness  of  paddle  support 

An  integer  (positive  or  zero)  or  half  width  of  paddle 
support 

External  pressure  on  bellows 
Private  venture 

Particle  size  scatter  parameter 
Inner  radius  of  torsion  tube 
Bimetal  thickness 
Torque 

Peak  value  of  torque  produced  by  B  acting  on  m. 

Angle  between  incident  beam  and  paddle  normal  in  the 
paddle  rest  position 

Angle  between  m  and  B 

Wavelength  of  incident  light 

Distance  between  the  point  at  vihich  W  is  applied  and 
the  paddle 

Angular  twist  of  torsion  tube 
Half  thickness  of  cantilever 

Where  a  symbol  is  defined  as  having  more  than  one 
meaning,  the  meaning  in  use  will  be  clear  from  the 
context . 
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